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S1 — Archaeological Background and Sample Information

1.1 Paleontological history of grey wolves

Grey wolves (Canis lupus) are a highly adaptable species, able to live in a range of environments and with
a wide natural distribution. Studies of modern grey wolves have found distinct subpopulations living in
close proximity (Musani et al., 2007; Schweizer et al., 2016). This variation is closely linked to differences
in habitat - specifically precipitation, temperature, vegetation, and prey specialization, which particularly
affect cranio-dental plasticity (Geffen et al., 2004; Pilot et al., 2006; Flower and Schreve, 2014; Leonard,
2015).

The earliest evidence for Canis lupus comes from the sites of Cripple Creek Sump (Alaska, United States)
and Old Crow (Yukon, Canada; Tedford et al. 2009), indicating Eastern Beringia as the likely center of
origin. The age of this material may be up to 1.0 Ma, though the geological attribution and dating is
controversial (Repenning 1992, Tedford et al. 2009, Westgate et al. 2013). In Eurasia, Canis lupus appears
nearly simultaneously during the late Middle Pleistocene, including in Siberia (500-300 ka BP; Sotnikova
and Rook 2010), France (400-350 ka BP; Bonifay, 1971, Brugal and Boudadi-Maligne, 2011), and Italy
(340-320 ka BP; Anzidei et al. 2012), probably representing the origin of true modern grey wolves
(Sardella et al. 2014). By the end of the Middle Pleistocene, grey wolves are found across all of Eurasia
(e.g. Kahlke, 1994; Boeskorov and Baryshnikov, 2013).

Late Pleistocene seems to harbor considerable morphological diversity among wolves. However, the
Pleistocene wolf morphotypes have been described as cranio-dentally more robust than the present day
grey wolves and as having specialized adaptations (e.g., shortened rostrum, pronounced development of
the temporalis muscle, robust premolars) for carcass and bone processing (Kuzmina and Sablin 1995,
Leonard et al. 2007, Baryshnikov et al. 2009) associated with megafaunal hunting and scavenging.

First described by Olsen (1985) as “short-faced wolves”, a Late Pleistocene hypercarnivorous grey wolf
morph with a, broad snout, robust mandible, and large carnassials used for targeting Pleistocene
megafauna and scavenging carcasses has been more recently referred to as the Beringian wolf (Leonard
et al., 2007; Baryshnikov et al., 2009; Boeskorov and Baryshnikov, 2013; Meachen et al., 2016,
Germonpré et al.,, 2017). The ecomorph is known from just two sites — the eastern Beringian type site in
Fairbanks, Alaska (specimens dated to before 50-12.5 ka; Olsen 1985, Leonard 2007) and Natural Trap
Cave, Wyoming in the northern continental United States (specimens dated to 25.8-14.3 ka; Kohn and
McKay 2012, Meachen et al., 2016). However, similar robust ecomorphs have been found from western
Beringia. Baryshnikov et al. (2009) described a small, but robust wolf also specialized for megafaunal
hunting and scavenging from Lake Taimyr, Siberia (dated to c. 19.3 ka; MacPhee et al.,, 2002). They
associated this Lake Taimyr wolf with a similar morphological wolf subspecies from Late Pleistocene
Europe, the cave (or “lce Age”) wolf (Canis lupus spelaeus/Canis lupus brevis), also a specialized
Pleistocene ecomorph. Like the Beringian and Lake Taimyr wolves, the cave wolf was smaller-bodied, but
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robust cranio-dentally for megafaunal hunting and scavenging (Stiner 2004, Baryshnikov et al., 2009,
Diedrich 2013). Though there are clear affinities between these Late Pleistocene morphs, there is very
little associated data and more work is needed to better understand any relationships between them.
Though a single Pleistocene “Beringian” wolf morphotype has been documented from early Holocene
Alaska, most specimens date to the Late Pleistocene, suggesting this Late Pleistocene ecomorph had
disappeared by the Pleistocene-Holocene transition, coinciding with the disappearance of many

megafaunal herbivores.

The east Beringian environment during the Late Pleistocene was a cold glacial steppe populated by
megafauna that included mammoth, bison, horse and muskox. Stable isotope analysis of Beringian wolves
confirms that they had a diet consisting of a mix of megafaunal prey species (Leonard et al., 2007),
though mammoth may have been rare in their diets (Fox-Dobbs et al., 2008). In fact, the diet of Beringian
wolves may have differed depending on the temporal and climatic conditions in which they lived. In the
pre-glacial period (up to c. 22 ka), some specialized in forest herbivores (woodland muskox and deer),
while others were generalists. During the Last Glacial Maximum (LGM: c. 21-17 ka; Tamm et al., 2007,
Pilot et al., 2010) some wolves appear to have been mammoth specialists — though it is unclear if they
were hunters or scavengers of this prey — and only the early Holocene wolf had a diet of forest cervids
(Fox-Dobbs et al., 2008). It has been found that Pre-LGM European wolves have also had a diet constant
with high proportion of mammoth (Bocherens et al., 2015). The diet of the western Beringian Lake Taimyr
wolf has yet to be analysed.
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1.2 Archaeological site descriptions

Armenia
Aghitu (TU9, TU10)

Aghitu-3 is a shallow cave at the base of a 126-111 ka basalt flow, located in a paleomeander of the
Vorotan River, a tributary of the Araxes River, which flows into the Caspian Sea. Between 2009 and 2015,
A.W. Kandel and B. Gasparyan excavated this 5 m-thick, Upper Paleolithic sequence dated between 40-
24,000 y cal BP. Faunal assemblages from five cultural horizons (AH VII-IIl) contain mainly wild goat, wild
sheep and horse, with other species being less frequent (Kandel et al., 2014). Two mitochondrial
genomes were newly sequenced and analyzed in this study. The first sample is from a well-preserved,
complete cranium including both mandibles (TU10) of a large canid dated to 30,000 y cal BP found at the
interface of layers AH Ve and VI; the specimen has cut marks, likely made by stone tools, as well as bite
marks, likely made by a canid-sized carnivore. The second sample is from a well-preserved proximal left
radius (TU9) of a large canid dated to 31,100 y cal BP found near the top of layer AH VI.

Belgium
Goyet, the third cave (TH2, TH3, TU6)

The third cave of Goyet is located in the Belgian Mosan basin. This cave was first excavated in 1868 by the
geologist Edouard Dupont (1872). He described five successive bone horizons. The material from the
Dupont excavations is housed at the Royal Belgian Institute of Natural Sciences (RBINS) and consists of at
least 30,000 bone fragments (Rougier et al., 2016b). Mitochondrial genomes from two canid elements
from the Goyet third cave were analyzed in this study: a mandible (TH3) and an upper carnassial (P4)
(TU6), which was newly sequenced and analyzed in this study. According to Dupont’s unpublished notes,
the lower jaw, with an age of 28,800 y cal BP, was found in Bone Horizon 4 in a side gallery adjacent to
the entrance of the cave, together with remains from mammoth, lynx, red deer and large canids. The
upper carnassial was excavated from Bone Horizon 2.

Pont-a-Lesse, Trou Magrite (TU1, TU2, TU3)

This large cave lies about 3 km upstream of the confluence of the Lesse River with the Meuse River.
Although E. Dupont (1867), who started the excavations in 1867, distinguished four bone-bearing layers,
the exact provenance of the bones has not been noted, and their stratigraphic position is unfortunately
not available. At the RBINS, the Dupont collection of the mammal remains from the Trou Magrite cave
amounts to about 50,000 specimens (Jimenez et al, 2016, Smolderen, 2016). The mammal assemblages
are primarily composed of remains of horse, reindeer and woolly rhinoceros, some of which show
evidence of gnawing by cave hyenas (Jimenez, 2016). The wolves form the most frequent carnivore
group, although, few cave bear, cave hyena and cave lion bones have been discovered (Jimenez, 2016).
According to Dupont (unpublished notes), the remains of wolves were found together with the
consumption refuse and the wolves were likely eaten by the prehistoric people. However, no clear
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anthropogenic traces could be discerned on the wolf bones that are all broken. Mitochondrial genomes

from three large canid specimens have been newly sequenced and analyzed in this study: two maxilla
fragments (TU1 and TU2) with ages of resp. 35,200 y cal BP and 33,300 y cal BP, and a distal tibia
fragment (TU3) with an age of 32,700 y cal BP.

Walzin, Trou de I'Ours (TU5)

Trou de I'Ours, a long and small cave that is a part of the Walzin cave complex, is located on the left bank
of the Lesse River, a tributary of the Meuse River. E. Dupont started the excavations here in 1866. He
noted that the cave was used by badgers. The assemblages from the three bone-bearing layers contain
cave bear, elk, wild boar and horse, among other species (Dupont, 1867; Dupont, unpublished notes;
Ehrenberg, 1966). A mitochondrial genome from an upper carnassial (TU5) from a large canid, dated to
12,800y cal BP has been newly sequenced and analyzed in this study.

Furfooz, Trou des Nutons (TH1)

The Trou des Nutons cave is situated in a limestone cliff on the right bank of the Lesse River. This site was
also excavated by E. Dupont in the 1860s. The main bone horizon yielded Magdalenian artefacts and the
Pleistocene mammal assemblage includes horse and reindeer. However, this horizon also contains
younger material, such as remains from sheep, goat, pig, badger, as well as older Pleistocene bones
(Charles, 1998). A partly associated skeleton of a large canid excavated by E. Dupont was identified as
wolf (Dupont unpublished notes, Germonpré et al., 2009). Interestingly, the right humerus displays cut
marks. The skull has an age of 26,000 y cal BP. Previously published mitochondrial genome from this
specimen (TH1) is analyzed in this study.

Furfooz, Trou du Frontal (TU4)

This small cave is located on the right bank of the Lesse River near the Trou des Nutons cave. Excavations
by E. Dupont started here in 1864. The mammal assemblage contains a mixture of remains dating from
the Late Glacial and the Postglacial. A cut-marked horse bone has an age of 15,300 y cal BP (Charles,
1998). A mitochondrial genome from a radius of a large canid (TU4) dated to 6,200 y cal BP was newly
sequenced and analyzed in this study.

Furfooz, Trou de Praules (TU8)

This small cave is located on the left bank of the Lesse River 30 m above the river bed and was excavated
by E. Dupont in 1866. The mammal assemblage includes remains from reindeer, red deer, horse and
brown bear (Dupont, unpublished notes). Lithic artefacts were also discovered (Dupont, 1866). A
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mitochondrial genome from a canid mandible (TU8) dated to 7,400 y cal BP was newly sequenced and

analyzed in this study.

Hastiere, Caverne Marie-Jeanne (TU7)

The Caverne Marie-Jeanne in the Belgian Mosan basin is a cave site located on the right bank of the
Féron, a small tributary of the Meuse River near Hastiere-Lavaux. Excavations at this site were initiated by
M. Glibert of the RBINS in 1943. The cave deposits are composed of clay, silt, and sand that had been
washed into the cave along joints. Several bone-bearing layers were described (de Heinzelin, 1980). AMS
dates of level 2 suggests a mixture of material dating from the Late Glacial (14,400 y cal BP) and the LGM
(25,000 y cal BP), AMS dates from layers 4, 5 and 6 are at least resp. 46,800 y cal BP, 44,500 y cal BP and >
43,000 y cal BP years old (Brace et al., 2012). The mammal assemblages from layers 3 and 4 are
dominated by remains from cave hyena, foxes, horse, woolly rhinoceros and large bovids (Jimenez, 2016).
The microfauna includes lemmings, voles and mice (Gautier, 1980). A mitochondrial genome from a canid
mandible (TU7) from this cave was newly sequenced and analyzed in this study. No information on its
stratigraphic position is available but the specimen has been dated to 46,300 y cal BP.

Czech Republic
Pfedmosti (TU14, TU15, TU16, TU17)

Pfedmosti is an open air site located in the Moravian Corridor, Czech Republic. The first organized
excavations started in the 1880s (Absolon and Klima, 1977; Oliva, 1997, Svoboda 2008). The mammal
assemblage is dominated by mammoths that most likely were hunted and eaten by the Gravettian
inhabitants of the site (Oliva, 1997; Bocherens et al., 2015). Large canids are the second most abundant
group, with a minimum number of individuals of 120 individuals based on the mandibles (Germonpré et
al., 2015). Two morphotypes have been described among the large canid material: Palaeolithic dogs and
Pleistocene wolves (Germonpré et al., 2012; Germonpré et al., 2015). Mitochondrial genomes from four
canid jaw bones were newly sequenced and analyzed in this study. TU14 is directly dated to 2900 y cal BP,
the other three specimens date back to Pleistocene based on dated context. The three Pleistocene
specimens (TU15, TU16, TU17) have also been analyzed for the §°C and 8N values of their bone

collagen (Bocherens et al., 2015).

Switzerland
Kesserloch (TU11, TU12, TU13 & TH7, TH11, TH15)

Kesserloch is a cave site located near Thayngen in the Swiss canton of Schaffhausen, in the northernmost
part of Switzerland. It was excavated between 1874 and 1903 in several campaigns by three different
excavators (published in Merk 1875, Nlesch 1904, Heierli 1907). It lies within the maximum extension of
the late glacial alpine ice sheet. Among the rich faunal assemblage that was reviewed in 2007, reindeer,
horse and snow hare are the most frequent species both by number and by bone weight (Napierala

10



MOLECULAR ECOLOGY

2008). Among the carnivores, the canids are the most numerous, dated from around 17,500 to 14,300 y
cal BP (Merck, 1876; Honeisen, 1986; Napierala, 2008; Napierala and Uerpmann, 2012). Isotopic
investigations of the trophic structure of this fauna revealed that the large canids were predators of large

ungulates from the site (Bocherens et al., 2011; Bocherens, 2015). Mitochondrial genomes from three
canid specimens have been newly sequenced and analyzed for this study: a maxilla (TU11) (described in
Napierala & Uerpmann 2010), another maxilla (TU12) very similar in preservation to TU11, a right
mandibular fragment from a large canid (TU13), all directly dated to c. 14,100 y cal BP. Three additional
previously published canid sequences (Thalmann et al., 2013) from Kesserloch cave have been analyzed in
this study (TH7, TH11, TH15).

Russia
Badyarikha River site (CGG34)

The Badyarikha River site in northeastern Arctic Siberia is located on the left bank of the Badyarikha River
(67°54'49"N, 146°30'56"E"), a tributary of the Indighirka River (Germonpré et al., 2017). The total height
of the permafrost cliff is about 20 m. A mitochondrial genome from an isolated canid skull (CGG34),
collected 6 m above the waterline and dated to c. 29,900 y cal BP has been newly sequenced for this
study. There is no archaeological context associated with this find.

Tirekhtyakh River site (CGG32)

The Tirekhtyakh River site is situated 5 km from the junction of the Tirekhtyakh tributary with the
Indighirka River (68°53'39"N, 147°12'45"E) in northeastern Arctic Siberia (Germonpré et al., 2017). The
river terrace here is 8 m high. An isolated canid skull was discovered 2 m below the surface. A
mitochondrial genome from this specimen (CGG32) has been newly sequenced and analyzed in this
study. Direct radiocarbon dating suggests that this specimen is more than 50,000 years old. There is no

archaeological context associated with this find.

Ulakhan Sular site (CGG33)

The Ulakhan Sular site in northeastern Arctic Siberia (67°41'40"N, 135°44'24"E) is a 65 m high and 1.2 km
long bluff located on the right bank of the Adycha River, a tributary of the Yana River (Germonpré et al.,
2017). According to Lee et al. (2015), four main stratigraphic units are present. The lowest unit (layer 1)
consists of gravel and pebbles in a sandy matrix. The fauna includes remains from Archidiskodon sp.,
Equus verae and Praealces sp. and dates from the Early Pleistocene. The faunal assemblage of the next
unit (layer 2) consists of bones from Panthera sp., E.nordostensis, Cervalces latifrons (Lazarev, 2002) and
Canis cf. variabilis (Lee et al., 2015). The third stratigraphic unit (layer 3) is a loamy sand deposit and its
fauna includes Bison priscus crassicornis remains. The sequence is topped by layer 4 that consists of silty
sands with a peat layer. Here, the faunal assemblage contains typical mammoth species such as woolly
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mammoth, woolly rhinoceros, horse, red deer, reindeer, bison, muskox, bear, lion and wolf (Lazarev,

2002). A mitochondrial genome from a canid skull, with unknown stratigraphic position (CGG33), dated to
16,900 y cal BP has been newly sequenced and analyzed in this study. There is no archaeological context

associated with this find.

Malyi Lyakhovsky Island (CGG31)

Malyi Lyakhovsky Island is one the New Siberian Islands that separate Laptev and East Siberian Sea in The
Siberian Arctic. A canid skull was collected on the south coast of this island near a river mouth at the base
of a 20 m high permafrost cliff (Germonpré et al., 2017). A mitochondrial genome from this specimen
(CGG31), dated to 800 y cal BP has been newly sequenced for this study. There is no archaeological
context associated with this find.

Duvannyi Yar, Kolyma River downstream (CGG12, CGG13)

Duvanny Yar is situated on the right bank of the lower Kolyma River in northeastern Arctic Siberia at
68°37’N; 159°06’E (Kaplina et al., 1978; Sher et al., 1979). This 12-km-long outcrop of polifacial
permafrost sediments reaches up to 53 m height. Giterman et al. (1982) have distinguished four
stratigraphic units within the sequence. Unit One which is lacustrine silts filling in the ice-wedge casts, is
exposed at the water level. It is suggested to be last interglacial. Sediments rich with woody plant and
peaty organics of the Unit Two are middle Late Pleistocene, while Unit Three is described as loess-like ice
and organic-rich permafrost deposits. These compose the most of the sequence. Numerous remains of
mammals and plant remains have been found from this site (Yashina et al., 2012). Vasil’chuk et al. (2001)
as well as Zanina et al. (2011) suggested that the Unit Three deposits accumulated between >45,000 and
13,500 **C BP. The uppermost Unit Four is the Holocene cover on the top of the sequence. Canis lupus
remains from this site, are associated with the lowermost portion of the Unit Three. The age of these
fossils is c. 45,000 *C BP or older. A mitochondrial genome from two canid mandibls from this site
(GGG12 and CGG13), both radiocarbon dated to be older than 45,000 y cal BP (Lee et al., 2015) have
been newly sequenced and analyzed in this study. This sample was collected by Pavel Nikolskiy in 2005
(GIN RAS accessing number 1131-1). There is no archaeological context associated with these finds.

Yana site

Yana RHS is a complex of geoarchaeological objects that is located in the lower part of the Yana River in
northeastern Arctic Siberia. Systematic interdiciplinary investigation of the Yana site complex is led by
Pitulko since 2001. The site structure includes several separate localities (at least seven of them)
discovered within the body of a river terrace (Pitulko et al., 2004; Pitulko et al., 2013; Pitulko and Pavlova,
2016). Different localities represent separate but roughly contemporaneous archaeological sites. Samples
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analyzed in this study come from four different localities (YMAM, Yana/SP, and Yana/UP, Yana/Northern

Point). Yana RHS bone collections are being studied by Pavel Nikolskiy.

Yana site - Northern Point Locality (CGG22-CGG28)

Northern Point Locality is the main excavation area studied in 2003 through 2016. Excavations at this site
have yielded a large number of bone fragments and artifacts both lithic and organic including a number of
mammoth ivory tools, personal ornaments and decorations (Pitulko et al., 2013; Pitulko and Pavlova,
2016). Although not numerous, Pleistocene canid remains (mostly cranial bones, postcranial bones are
less frequent) have been found in situ from the occupation level and mapped with exact provenience. All
bones have been collected by Pitulko and Pavlova from in situ during the archaeological excavations and
directly dated to be c. 32,000 y cal BP. Mitochondrial genomes from seven canid specimens from this site
(CGG22-CGG28), have been newly sequenced and analyzed in this study. Three samples (CGG22, CGG25,
and CGG28) come from three complete skulls. Three samples (CGG23, CGG24 CGG27) come from partial
mandibles (two left and one right). One sample (CGG26) comes from a facial fragment of a canid skull. All
samples come from the same layer of the site, but from different units.

Yana site - YMAM locality (CGG14,CGG15, CGG17)

Yana mass accumulation of mammoth, or YMAM is a structural part of the Yana site complex (Pitulko et
al.,, 2013; Pitulko and Pavlova, 2016). Canis lupus remains have been collected from the bone-bearing
permafrost deposits of the YMAM (Basilyan et al., 2011) by Pitulko and Pavlova in 2008-2012 and dated
to c. 30,000 y cal BP, in agreement with multiple radiocarbon dates obtained from the site (see, e.g.,
Basilyan et al., 2011; Pitulko et al., 2013). Mitochondrial genomes from three canid specimens from this
site (CGG14, CGG15 and CGG17), have been newly sequenced and analyzed in this study.

Yana site - SP locality (6GG16)

SP locality is in close proximity to the river bank exposure of YMAM area. The geological sequence is
crowned by thick organic-rich Holocene permafrost deposit. A partial canid mandible from this site was
collected by V. Pitulko in 2003 (Basilyan et al., 2011). A mitochondrial genome from this specimen
(GGG16), radiocarbon dated to be 800 y cal BP has been newly sequenced and analyzed in this study.

Yana site area, Upstream Point locality (CGG18)

Upstream Point is probably the oldest of the localities composing the Yana site complex (Pitulko et al.,
2013). Although, numerous lithic artifacts have been collected on the river bank in different years, in situ
cultural deposits have never been located at this site. Numerous bone fragments of different Pleistocene
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species (examined by Pavel Nikolskiy) have been found eroded from the permafrost deposits that

compose the geological sequence of the river bank, including a partial canid mandible (left side) collected
by Elena Pavlova and Vladimir Pitulko in 2013. A mitochondrial genome from this canid specimen
(CGG18), dated to 41,700 y cal BP, has been newly sequenced and analyzed in this study.

Mus-Khaya exposure (CGG19)

Mus-Khaya exposure is located on the left bank of the Yana River in northeastern Arctic Siberia, 5km
downstream from the Yana site complex (Pitulko et al., 2011). This exposure is a fragment of high
geomorphological surface whose height reaches roughly 50m above the water level (30m in its
downstream portion). The Mus-Khaya locality has been known since the late 19th century and actively
investigated in the 1960s and 1970s (Katasonov, 2009). It is formed of the Ice Complex deposits of
polygenetic origin and as a result, units of different age are recognized in the upper part of its
stratigraphic sequence (22,000-18,000; 18,000-14,000; 14,000-10,000 years and Holocene cover). A
fragment of Pleistocene wolf mandible (right by body side) was collected by Pitulko and Pavlova in 2012
in the middle part of the exposure on the river bank. A mitochondrial genome from this canid specimen
(CGG19), dated to 19,700 y cal BP, has been newly sequenced and analyzed in this study. There is no
archaeological context associated with this find.

Bunge-Toll-1885 site (CGG29)

The Bunge-Toll 1885 site locates on the Yana River at N 68° 557, E 134° 28’ in northeastern Arctic Siberia
(Pitulko et al., 2014b). The site is named after the Russian Arctic explorers Alexander von Bunge and
Eduard von Toll who conducted the expedition dispatched by the Russian Academy of Science and the
Russian Geographic Society in 1884-86. The Pleistocene faunal assemblage of this site includes numerous
remains of wooly rhinoceros and bison, less frequently reindeer and red deer. Mammoth remains have
also been found but are rare. The faunal remains come from the upper part of the permafrost sediments,
which fills the bedrock depressions around 50m above the river level. Radiocarbon dating indicates that
water-washing by local residents looking for mammoth ivory likely exposed the upper portions of the
Yana River’s third terrace sediments. Radiocarbon dating of mammoth, rhinoceros, and bison remains
suggests an age of at least 40,000 years (uncalibrated). There is no known archaeological context related
to these finds, however, Pitulko et al. (2016b) report a hunting lesion on a canid humerus suggesting
human contact. A mitochondrial genome from the canid humerus (CGG29), at least 45,000 years old
(based on direct radiocarbon dating) (Pitulko et al., 2014b; Pitulko et al., 2016b), has been newly
sequenced and analyzed in this study. This sample was collected by Aleksei Tikhonov of Zoological
Institute (Russian Academy of Sciences) in 2012.
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Nikita Lake site, Muksunuokha River (GGG20)

Nikita Lake site (NKL) is a recently found mass accumulation of mammoth bones that contains the
evidence for human involvement in its formation. It is located in the northern part of the Yana-Indighirka
coastal lowland on the right bank of the Maksunuokha River under 71°34'56.5” N and 141°37°03.5” E in
400 m northwest of the northern shore of Nikita Lake in northeastern Arctic Siberia (Pitulko et al,,
2016a). It is known since late 1990s. In 2013, it was investigated by Pitulko and Pavlova. It was found that
the location is significantly damaged by the ivory mining activities: It has been almost entirely destroyed
by the washing out of sediments, performed by local residents mainly in 2011 — 2013. Near the washouts
in both, the northern and the southern part, bones of mammoths and other animals are common on the
surface. Based on the radiocarbon dating of the faunal remains associated with human activity, people
inhabited the site c. 12,000 to 11,800 years ago (uncalibrated). Paleogeographic event sequence
reconstruction, based on the available geological data, indicates that during that period humans lived on
the shores of the paleo-lake. The evidence of human habitation of this site (faunal remains of mammoth,
wolf, wolverine, reindeer, and others, as well as the few stone artifacts) was subsequently picked up by
the river and re-deposited into the alluvial sediments and some of these objects were incorporated into
erosion channels due to active thermoerosion (Pitulko et al., 2016a). Pleistocene wolf humerus identified
by morphology produced one of the youngest radiocarbon ages for this locality — 13,700 y cal BP (Pitulko
et al., 2016a). A mitochondrial genome from this specimen (GGG20) has been newly sequenced and

analyzed in this study.

Berelekh geoarchaeological complex, Berelekh River (CGG21)

Berelekh is a well-known geoarchaeological complex with a long history of investigation (Pitulko et al,
2011) that starts in 1947 when it was first scientifically described by Grigoriev (Grigoriev, 1957). The site is
located on the Berelekh River, a lover left tributary of Indighirka River in northeastern Arctic Siberia, in
the middle part of the river valley (70" 30' N and 144° 02' E), in so-called Ugamyt Tract locality, where two
terrace levels can be found. The lower terrace (7m high) formed in the Holocene while the formation of
the higher one (12 to 14 m high) is believed to have happened within the Late Pleistocene. The Berelekh
geoarchaeological complex belongs to this geomorphic level and includes both mass accumulation of
mammoth remains (the ‘graveyard’) and the ‘archaeological site’. Radiocarbon dating of mammoth
remains at Berelekh suggests that they were accumulated rapidly during the Bglling warming. Human
involvement is unlikely since there is no overlap between radiocarbon dates associated with past human
activity, and that of mammoth bone bed. However, lithic artifacts, ivory and bone fragments have been
found in sediments exposed on the river bank, next to the bone bed suggesting that humans may have
used the mammoth remains after the bone bed was deposited (Pitulko et al., 2014a). Postcranial skeletal
elements from canid species have also been found from this exposure. A mitochondrial genome from a
canid femur (CGG21) has been newly sequenced and analyzed in this study. The sample has been dated
to 14,000 vy cal BP (Pitulko et al., 2014a)
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Gorky settlement, Ob River (CGG30)

Gorki settlement is located in low Ob River, Western Siberia, Russia (65° 03' N, 65° 17' E), on the right
river bank. Concentration of Pleistocene faunal remains was found during the low water stand in the late
fall of 2014 by local residents. The bone-bearing level is overlaid by thick sand deposits that make the
river terrace, around 15m high. No geological description is available for this place. The assemblage is
composed of remains from mammoth, bison, woolly rhinoceros, and a single wolf humerus). The remains
were collected by local the local people and handed over to the museum in Salekhard. A mitochondrial
genome from the canid humerus (CGG30), radiocarbon dated to be older than 45,000 y cal BP (Pitulko,
2016) has been newly sequenced in this study.
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S2 — DNA Extraction, Sequencing and Bioinformatics.

Here we outline the laboratory and bioinformatics procedures used to generate all new sequences

published in this study. In order to achieve a uniform dataset we reprocessed raw reads from previously

published samples (from Thalmann et al., 2013 and Skoglund et al., 2015) using the same bioinformatics

pipeline as for the newly generated sequences.

2.1 DNA Extractions

We used six different methods to extract endogenous DNA from ancient and modern canids, described

below. The method used for each sample is also listed in the supplementary table 1 (column Extraction).

1)

Eight samples (TU1-TU8) originating from various European excavation sites and dating to
the Pleisto- and Holocene were extracted in four batches in clean room facilities of the
Royal Belgian Institute for Natural Sciences (RBINS) in Brussels, Belgium. The laboratories
are physically separated from any lab in which contemporary material is treated and also
from any storage facility of the institute. The ancient labs of the RBINS are pressurized
reducing air-influx and equipped with UV-radiation to minimize exogenous DNA
contamination. The samples were extracted following the procedure described in
Rohland and Hofreiter (2007) and each extraction batch was complemented with a mock
sample that contained water instead of actual sample material. In brief, bone or teeth
samples were ground with mortar and pestle yielding approx. 50 mg powdered material
that was subjected to an overnight lysis. Silica based binding and subsequent washing
steps resulted in a final 50 ul eluate that was stored at -20°C until further use.

DNA extractions for a total of nine samples (TU9-TU17) were conducted in clean room
facilities dedicated to ancient DNA work at the University of Tibingen from 50 mg bone
powder per sample. A silica purification protocol was applied as described in Dabney et
al. (2013) with the following modifications: the Zymo-Spin V columns (Zymo Research)
were UV irradiated for 60 minutes and the total elution volume was raised to 100 ul.

A piece of tanned hide from a museum specimen (Ms1) of the Natural History Museum
of Denmark was pre-digested for minimally three hours and subsequently fully digested
in 1ml buffer as described in Gilbert et al 2007. The supernatant was mixed with 1ml
phenol, rotated for 5 min and centrifuged at 3.000 G for 5 min, the aqueous product was
mixed with 1 ml chloroform, rotated for 5 min and centrifuged at 3.000 G for 5 min
yielding a final aqueous product. The final supernatant was mixed 1:10 with a binding
buffer optimized for ancient DNA as detailed in Allentoft et al. (2015) and spun through a
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MinElute purification column (Qiagen) attached to an Zymo-Spin extension reservoir
(Zymo Research) in a 50 ml falcon tube (Fisher Scientific) as detailed in Dabney et al.
2013, and centrifuge for 30 min at 200 G. The purification column was flowingly washed
in 700 pl PE buffer and spun at 8.000 G for 1 min and dry spun at 12.000 G for 2 min.
DNA bound to the columns was eluted in two times 25 ul EB buffer after incubation at 37
C for 10 min. All extraction and purification tubes were DNA-lobind (Eppendorf).

For 19 samples (CGG13, CGG19-CGG34, Ms6, Ms25), 50-300 mg of crushed bone or
tooth was pre-digested in 1 ml buffer as outlined in Ersmark et al 2015. The following
steps were identical to procedure 3).

19 (Ms2, Ms4, Ms5, Ms7-Ms22) samples were extracted using the DNeasy Blood &
Tissue Kit (Qiagen) following manufacturer's guidelines.

Six samples (CGG12, CGG14-CGG18) were digested, extracted and purified using a silica
extraction method as described in Allentoft et al. (2015).

2.2 Library preparation

We used three different methods to generate the sequencing libraries. The three methods, described

below, vary in the details but are highly comparable as they all build upon an individual barcoding

approach. The method used for each sample is also listed in the supplementary table 1 (column
Library_build).

1)

A total of 17 (TU1-TU17) samples were treated the following way. Aliquots of 20 pl
extract were converted into double-stranded Illumina libraries using a well-established
protocol (Meyer and Kircher, 2010; Kircher et al., 2012). The libraries were quantified
before and after the addition of the individual barcodes to monitor the efficiency of the
indexing reaction with a quantification assay using the primerset 1S7/IS8 and IS5/IS5
(Meyer and Kircher, 2010), the DyNAmo Flash SYBR Green gqPCR Kit (Biozym) and the
Lightcycler 96 (Roche). The libraries were then amplified using 100 pl reactions for each
library containing 5ul library template, 4 units AccuPrime Tag DNA Polymerase High
Fidelity (Invitrogen), 1 unit 10X AccuPrime buffer (containing dNTPs) and 0.3 uM IS5 and
IS6 primers (Meyer and Kircher, 2010) and the following performed thermal profile: 2-
min initial denaturation at 94°C, followed by 4 to 17 cycles consisting of 30-sec
denaturation at 94°C, a 30-sec annealing at 60°C and a 2-min elongation at 68°C and a 5-
min final elongation at 68°C. After amplification the libraries were purified with the
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MinElute PCR purification kit (Qiagen, Hilden, Germany) and quantified using Agilent
2100 Bioanalyzer DNA 1000 chips.

For each of 39 samples (CGG13, CGG19-CGG34, Ms1, Ms2, Ms4-Ms22, Ms25), 42,5 ul
extract was incorporated into a DNA library using NEBNext DNA Sample Prep Master Mix
Set 2 (E6070S - New England Biolabs Inc., Beverly, MA, USA) and lllumina-specific
adapters (Meyer and Kircher, 2010). Library build followed producer’s guidelines with the
following modifications, no initial nebulization step, binding buffer detailed in Allentoft et
al. (2015) in the End-repair step, End-repair, adapter ligation and fill-in was performed as
in Schroeder et al. (2015) but with 42,5 ul extract as input. Libraries of ancient and
historical material were amplified and indexed in reactions of 5 ul library, 32 ul H20, 1X
PCR buffer, 2 ul BSA (20 mg/mL), 1 ul dNTPs (25 mM), 1,5 ul of each of lllumina’s

Multiplexing PCR primer (1,5 UM of inPE1.0 5’-
AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCGATCT and a
custom-designed index primer  with a Six nucleotide index 5’-

CAAGCAGAAGACGGCATACGAGATNNNNNNGTGACTGGAGTTC), and 2 pl PfuTurbo Cx
Hotstart DNA Polymerase (Agilent Technologies).

Libraries on modern material was amplified and indexed in reactions of 5 pul library, 29,5 ul H20,
1X PCR buffer, 1 ul dNTPs (25 mM), 2 uM of each of lllumina’s Multiplexing PCR primer (same as
detailed above), and 0,5 ul Q5 High-Fidelity DNA Polymerase (New England Biolabs Inc). Libraries
were purified subsequently over a MinElute (Qiagen) column, following manufacturer's
guidelines, eluted in 35 ul EB buffer. DNA concentration in purified amplified libraries was

measured using an Agilent 2100 bioanalyzer and pooled in equimolar amounts

For six samples (CGG12, CGG14-CGG18) DNA Libraries were built using the NEBNext DNA
Sample Prep Master Mix Set 2, following the protocol with modifications. The DNA
extract was mixed with 10 pl End Repair buffer and 5 ul End Repair Enzyme Mix and
water up to a volume of 100 ul. The mix was incubated for 20 minutes at 12°C and 15
minutes at 37°C, and purified using a Qiagen MinElute PCR Purification Kit. The protocol
was followed as directed except that only 30 ul of EB Buffer was used and the column
was incubated for 15 minutes at 37°C prior to elution. The eluted DNA was combined
with 10 pl NEBNext 5x Quick Ligation Buffer, 5 pl T4 Ligase, and 5 ul P5/P7 Adaptors,
diluted to a concentration of 20 uM. This mix was incubated for 20 minutes at 20°C, then
purified using a MinElute PCR Purification Kit as described above. 42 ul DNA was eluted
and incubated with 5 pul NEBNext Adaptor Fill-In Buffer and 3 pl Bst DNA Polymerase for
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20 minutes at 65°C and 20 minutes at 80°C. The finished libraries were amplified using
Taq Gold in a mix that included 10 ul Tag Gold Buffer, 10 ul MgCI2, 4 ul BSA, 49.2 ul H20,
0.8 ul dNTPs, 2 ul of each of lllumina’s Multiplexing PCR primer (1.5 uM of inPE1.0 5’-
AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCGATCT and a
custom-designed index primer with a six nucleotide index 5'-

CAAGCAGAAGACGGCATACGAGATNNNNNNGTGACTGGAGTTC), and 2 ul Tag Gold. The PCR
conditions were according to manufacturer’s directions (10-14 cycles). The PCR reaction was
purified using the QIAQuick PCR Purification Kit, with elution of 30 ul EB Buffer and an incubation
for 10 minutes prior to the elution step. DNA concentration was assayed using a Qubit 3.0
Fluorimeter, following manufacturer’s instructions. If the DNA concentration was less than 20
ng/ul, a second PCR amplification was performed using Phusion. The mix included 20 ul template
DNA, 2 ul each of primers IS5 and I1S6, 50 pl Phusion Master Mix, and 26 pl H20. The PCR program
followed manufacturer’s instructions but for 6-10 cycles, and was purified with a QIAQuick PCR
Purification Kit as described above. The DNA concentration of the libraries was assessed using an
Agilent 2100 Bioanalyzer.

2.3 Sequence generation
We used three different methods to generate full mitochondrial genome sequences. The method used
for each sample is also listed in the supplementary table 1 (column Sequence generation).

1) Seventeen samples (TU1-TU17) were enriched for the dog mitochondrial genome using
the amplified libraries, pooled in equimolar amounts, and bead capture enrichment as
detailed elsewhere (Maricic et al., 2010; Thalmann et al., 2013). After enrichment the
libraries were amplified in 100 pl reactions with 15 pl template, 2 units Phusion High
Fidelity DNA polymerase, 1 unit 5x HF buffer, 0.25 mM dNTPs and 0.3 uM IS5 and IS6
primers, and the following thermal profile: 5-min initial denaturation at 95°C, followed by
16 to 23 cycles consisting of 30-sec denaturation at 95°C, a 30-sec annealing at 60°C and
a 45-sec elongation at 72°C and a 5-min final elongation at 72°C. Finally, the libraries
were purified using MinElute columns (Qiagen, Hilden, Germany), quantified with Agilent
2100 Bioanalyzer DNA 1000 chips and diluted to 10 nM for sequencing. Sequencing was
conducted with a paired-end dual index run on an Illumina Hiseq 2500 platform with
2*100+7+7 cycles and the manufacturer’s protocols for multiplex sequencing (TruSeq PE
Cluster Kit v3-cBot-HS).

2) 'Shot-gun' sequences were generated for a total of 39 samples (CGG13, CGG19-CGG34,
Ms1, Ms2, Ms4-Ms22, Ms25) on an Illumina HiSeq 2500 platform, using 100 bp single
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read chemistry for ancient and historical material and 200 bp paired end read chemistry
for modern samples.

3) Six libraries (CGG12, CGG14-CGG18) were captured using a Mycroarray MYBaits Kkit,
which included custom RNA probes that corresponded to 4x tiling of the dog
mitogenome. The capture was performed according to manual version 2.3.1, with a
hybridization time of 18 hours and a temperature of 65°C. Following capture, the DNA
was amplified using KAPA HI-Fi HotStart DNA Polymerase, using a mix of 15 ul captured
DNA, 25 ul KAPA Hi-Fi HotStart Master Mix, 0.75 ul primers IS5 and IS6 at a concentration
of 10 uM, and 8.5 ul H20. The thermocycler program corresponded to manufacturer’s
instructions, and the samples were amplified for 14 cycles and then purified with a
QIAQuick PCR Purification Kit as previously described. The DNA concentration of the
captures was assessed using an Agilent 2100 Bioanalyzer, then they were pooled in
equimolar amounts and sequenced on a HiSeq 2500 with 100 bp single read chemistry.

2.4 Raw Sequence Data Processing

Raw sequencing reads of all newly generated samples were de-tagged from their individual barcodes and
cleaned of all adapters needed for sequencing. A merging procedure was applied to sequences
generated with paired-end technology (sample codes beginning with “TU”) as detailed in Thalmann et al.
(2013). In brief, all forward and reverse reads of each sequenced individual were merged into a single
read based on overlap identity and all other, un-merged reads were excluded. Sequences generated with
single-end technology (CGG) were processed individually.

Two assembly protocols were adapted and the resulting consensus sequences compared for conformity.

1) All merged reads and single-end reads were implemented into a reference guided, iterative
assembly employing the program MIA (Green et al., 2008). The following command was used:

mia —r NC_002008.fas —f SAMPLE.fq —c —-C -U —F -k 12 —s ANCIENT_SUBMAT.txt —m
SAMPLE_QOUT.maln

As reference (-r) served the dog mt-genome (NC_002008, Kim et al., 1998). SAMPLE.fq (-f)
indicates all merged reads for each individual in .fastq format and a scoring matrix (-s) for aligning
sequencing reads generated from ancient materials (ANCIENT_SUBMAT.txt) was also applied.
Other parameters used here can be found in the MIA documentation. A consensus sequence was
called for each individual with default parameters but only positions with a min of 3-fold coverage
were retained in the final consensus sequence. This is a difference to the approach in Thalmann
et al. (2013) and sequences generated in there were newly filtered for 3x coverage in order to
further eliminate ambiguous positions. Moreover, we omitted a comprehensive screen for
nuclear-mitochondrial inserts (Ishiguro et al., 2002, Thalmann et al., 2013) since previous
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analyses have shown that only a negligible small number of reads generated from similar

materials mapping preferentially to the nuclear genome of the dog.

2) A second mapping approach using the methods outlined below did not reveal significant
differences in the generated consensus sequences. Paleomix (Schubert et al., 2014) was used to
align the reads of 19 samples against the dog reference mitochondria genome (NC_002008).
[llumina reads were trimmed using default settings in AdapterRemoval2 (Schubert et al., 2016),
except using a minimal read length of 25bp. Cleaned reads were inspected for quality control
using FastQC (http://www.bioinformatics.babraham.ac.uk/projects/fastqc) and aligned using
BWA (Li & Durbin 2009), disabling the seed (Schubert et al., 2012). Mapped reads to multiple
positions and with mapping quality scores inferior to 30 were removed using SAMtools (Li et al.,
2009). Sequence duplicates were removed using MarkDuplicates from  Picard
(http://www.broadinstitute.github.io/picard). The final alighment was realigned and SNPs were
called using GATK (McKenna et al., 2010) and filtered using Vcftools (Danecek et al., 2011).
Consensus sequences were made in two ways using GATK. One way was using SNPs that passed
the majority count threshold and the other adding IUPAC bases where GATK called as
“heterozygous” site (McKenna et al., 2010). Mapping and coverage statistics were computed
using Paleomix (Schubert et al., 2014) internal scripts. This previous methodology was also
applied to the 1 million reads subset in order to compare them with other samples.

2.5. Molecular characteristics of newly generated, ancient sequences

In order to assess the quality and molecular characteristics of the newly generated ancient sequences we
performed additional analyses. We remapped all reads generated in capture experiments against the
complete dog genome (canFam3) following the method outlined in SI2.4.2. We extracted all quality
filtered reads, removed PCR duplicates and investigated the fraction of filtered reads that mapped
exclusively against the mitochondrial genome. We only retained read pairs generated with paired-end
sequencing technology that were collapsed into a single read (merged). Table S2 provides a summary of
this analysis. Samples generated using a shot-gun approach (CGG) generally deliver a higher fraction of
reads successfully mapped, however, the target specificity towards the small mitochondrial genome is
low. This can be increased by using DNA capture procedures (Gnirke et al. 2009). While in the shot-gun
approach the fraction of reads mapping exclusively to the dog mitochondrial genome ranges between
0.005%-0.549% of all filtered reads mapping successfully to the complete dog genome, this ratio is
increased to almost 100% (see Table S2) for captured mitochondrial DNA fragments. On average, capture
approaches gave a 500-fold increase in the fraction of reads mapping exclusively to the dog mitochondrial
genome. Interestingly, the efficiency of different capture methods varies as evidenced by the higher
percentage of filtered reads mapping against the dog mitochondrial genome for the re-captured CGG
samples (CGG12-CGG18 all above 85%, values in brackets in Table S2, see S12.3.3) compared to those
generated from samples TU (2.4%-98.66%, lower panel in Table S2, see SI2.3.1).
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There is no apparent correlation between sample age and fragment size (Fig. S1) or deamination patterns

(Fig. S2). Some of the longest fragments were retrieved from samples approximately 30,000 to 46,000

years old (CGG18, TU1, TU2, TU3, TU7) while shorter fragments were observed in younger samples
(CGG20, TU14, TU4). Intriguingly, TU1, TU2, TU3, TU7 and the younger TU8 originated from caves in

Belgium (Table SI1). Furthermore, previous findings suggested that the frequency of Cto T

misincorporations at the 5" end (or G to A misincorporations at the 3’ end) of ancient molecules increases

with age of the sample (Sawyer et al. 2012). However, the ancient DNA fragments newly generated for

this study do not show any significant trend with sample age (Fig. S2, p=0.45). Taken together this points

towards factors other than the sample age playing an important role in shaping the characteristics of

ancient molecules.

Table S2
Sequencing Mapping
# reads # filtered reads # filtered reads % filtered reads
mapping the complete mapping exclusively mapping the dog
Sample total
dog genome the dog mt-genome mt-genome

CGG12 20,502,189 (8,795,253) 1,461,472 (22,120) 581 (21,779) 0.040 (98.46)
CGG13 10,454,317 (9,837,169) 2,921,726 (35,942) 157 (30,711) 0.005 (85.45)
CGG14 29,231,546 (16,073,166) 304,327 (18,194) 1,394 (18,142) 0.458 (99.71)
CGG15 17,563,376 (5,028,725) 526,430 9,776) 419 (9,726) 0.080 (99.49)
CGG16 8,426,724 (6,982,988) 188,881 (24,367) 53 (23,740) 0.028 (97.43)
CGG17 27,612,032 (15,525,823) 3,406,363 (25,846) 1,224 (25,350) 0.036 (98.08)
CGG18 5,342,504 (8,845,755) 530,495 (23,048) 92 (22,421) 0.017 (97.28)
CGG19 44,387,927 2,747,206 2,227 0.081
CGG20 30,039,526 2,806,030 1,852 0.066
CGG21 31,161,726 6,880,522 3,014 0.044
CGG22 14,125,908 467,594 2,568 0.549
CGG23 20,899,573 14,788,539 767 0.005
CGG24 17,223,554 75,513 248 0.328
CGG25 13,204,816 7,208,601 2,883 0.040
CGG26 28,498,152 2,828,408 1,856 0.066
CGG27 28,947,324 22,295,797 4,696 0.021
CGG28 16,918,816 4,376,379 1,945 0.044
CGG29 40,530,428 23,217,595 5,728 0.025
CGG30 89,127,852 246,756 310 0.126
CGG31 10,524,144 895,714 1,948 0.217
CGG32 26,685,260 14,231,440 2,196 0.015
CGG33 24,737,165 18,241,333 5,500 0.030
CGG34 14,776,135 6,668,532 1,153 0.017

TU1l 1,071,820 4,943 539 10.90

TU2 940,066 6,676 610 9.14
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TU3 1,424,226 19,367 539 2.78
TU4 6,963,257 78,775 1,892 2.40
TUS 1,437,297 46,883 1,251 2.67
TUG 2,383,565 50,063 15,448 30.86
TU7 5,193,206 218,867 9,050 4.13
TU8 3,378,610 329,599 28,182 8.55
TU9 264,033 3,493 3,248 92.99
TU10 439,293 12,748 12,577 98.66
TU11 4,393,084 46,075 30,095 65.32
TU12 856,459 1,135 502 44.23
TU13 4,607,297 4,974 1,697 34.12
TU1l4 852,538 7,933 3,017 38.03
TU15 1,063,036 1,943 1,213 62.43
TU16 4,957,011 4,594 801 17.44
TU1l7 2,330,648 1,262 767 60.78

Table S2: Proportion of sequencing reads mapped against the dog nuclear genome and mitochondrial
genomes. The upper panel shows data generated with single-end sequencing technology and the lower
panel (TU) of those produced with paired-end technology.

Numbers in brackets represent data generated using mt-genome capture technique (described in
S12.3.3). Samples highlighted in red were not included in the demographic analyses (Table SI1).
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Figure S1
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Figure S1. Fragment length distribution for all newly generated, ancient sequences. (A) Length of the
fragments generated with single-end sequencing technology. (B) Length of the fragments generated with
paired-end sequencing technology. Samples excluded from demographic analyses are highlighted in red.
Samples are ordered by age with the youngest on the left.
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Figure S2
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Figure S2. Deamination patterns at the respective start bases of the newly generated, ancient fragments
as a function of sample age. (A) C to T misincorporation frequency at the first base of the 5" end of the
fragments. (B) G to A misincorporation frequency at the first base of the 3’ end of the fragments. The
blue lines represent the best linear fit. Samples excluded from demographic analyses are highlighted in
red.
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S3 — Data Analyses & Results

3.1 BEAST analyses & results
We used the BEAST tool (v.1.8.0) (Drummond et al.,, 2012) to build a tip calibrated wolf mitochondrial
tree and to estimate mutation rates for the four different partitions of the wolf mitochondrial genome.

Partition finder

We used the PartitionFinder tool (Lanfear et al., 2012) and a subset of the gray wolf mitochondrial
genome alignment containing 73 modern wolf samples (see supplementary table 1) to fit a substitution
model to the partitions of the mitochondrial genome. The 6 partitions were based on the biological
properties of the mammalian mitochondrial genome and defined as the 3 codons of the protein coding
sequence (PCS1, PCS2 and PCS3), rRNA, tRNA and the D-Loop. The positions of the partitions in the
sequence were established using an annotated dog mitochondrial sequence as a reference (Genbank
accession nr NC_002008 (Kim et al., 1998)).

The “branch lengths” parameter was set as “linked”

The “model of evolution” parameter was set as “all”
The “model selection” parameter was set as “BIC”

The “search schemes” parameter was set as “greedy”

The best fitting mutation scheme suggested four partitions with independent mutation models listed in
the Table S3

Table S3
Partition Model
PCDS1, rRNA, tRNA HKY+I
PCDS2 TrN+l
PCDS3 TrN+G
D-loop TrN+I+G

Table S3: The best fitting mutation scheme from Partition Finder.

Mutation rate calculation

In order to estimate the grey wolf mitochondrial mutation rate, we combined modern grey wolf
mitochondrial genome sequences (N = 78) with mitochondrial genome sequences from 38 ancient,
directly radio carbon dated samples. All the sequences were subjected to strict quality criteria (see
above). The ages (in years before present) of ancient samples in the BEAST analyses were set as a mean
of calibrated radiocarbon age (years before present) distribution. See supplementary table 1 for list of
samples and their radiocarbon ages included in the mutation mitochondrial rate estimation.
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Input file settings
All input files for the BEAST analyses were created using the BEAUti (v.1.8.0) tool (Drummond et al., 2012)
with default parameter settings, unless specified otherwise.

Based on the estimated best fitting partitioning scheme by PartitionFinder (see above), the mitochondrial
genome was represented in the BEAST input file as four independent partitions: 1) tRNA & rRNA; 2)
PCDS1; 3) PCDS2, 4) PCDS3 (defined as above)

To represent the fact that the mitochondrion is a single non-recombining locus, the tree models for all
four partitions were linked while the site and the clock models for the four partitions were set as unlinked
between the four partitions.

The substitution model parameters for the four partitions were fixed to the ones estimated by Partition
finder (see above).

Our samples span 60 thousand years — a short time in an evolutionary scale - and come from a single
species. As a result we used a strict (global) clock, which assumes no rate variation among different
linages of the tree. However, relaxing the clock rate parameter had no measurable effect on the
estimates. To allow for changes in population size through time, the Coalescent Bayesian Skyline
(Drummond et al., 2005) was used as the tree prior, with a group size parameter set as 20.

Due to the fact that ancient samples are known to carry excess transition, we performed two
independent BEAST runs: 1) where we did not use any sequence error model and 2) where we accounted
for the potential the sequence error by using age-dependent (transition only) model. However, there was
no noticeable difference between the estimates of the two runs, probably reflecting the strict quality
criteria we subjected our sequences to. As a result, we did not include any sequence error model in

subsequent runs.

Priors
A lognormal distribution with an offset of 0.0, a (log) mean of 1.0 and a (log) standard deviation of 1.25
was used as the kappa prior for all four partitions.

A uniform distribution with a lower bound of 0.0 and upper bound on 1.0 was used as frequencies prior
for all four partitions.

A lognormal distribution with an offset of 0.0, a (log) mean of -18.42068 (corresponding to 1E-8 in real
space) and a (log) standard deviation of 1.5 was used as the clock rate prior for all four partitions.

A gamma distribution with an offset of 0.0, a shape of 1.0 and a scale of 100,000 was used as the root
height parameter. The gamma distribution was truncated using a lower bound of 50,000 and upper
bound of 2,000,000.

A gamma distribution with an offset of 0.0, a shape of 2.0 and a scale of 100,000 was used as the skyline
population size prior.
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MCMC chain

For all runs the model parameters and trees were sampled every 5,000 iterations over 50,000,000
iterations. The first 10% of the recorded iterations were discarded as a burn-in period.

BEAST results

The MCMC chain convergence for all parameters was assessed using the Tracer (v1.6) program (Rambaut
et al., 2014) and the sampled trees were summarized and the maximum clade credibility tree calculated
using the program TreeAnnotator (v 1.8.0) (Rambaut and Drummond 2013).

For mitochondrial clock rate estimates see table S4. For other parameter estimates, ESS values and
convergences a BEAST log file is available from L.L. upon request.

Table S4
Partition Mean (Rate) ESS 95% HPD interval
tRNA_rRNA 3.38E-08 2119 | [2.6621E-8, 4.0527E-8]
PCDS1 4.51E-08 2003 | [2.6621E-8, 4.0527E-8]
PCDS2 4.73E-08 1809 | [3.8539E-8, 5.6882E-8]
PCDS3 1.12E-07 1245 | [9.5106E-8, 1.2969E-7]

Table S4: Mitochondrial clock rate estimates from BEAST

Table S5
Mean (Age in

Sample ID Years BP) ESS 95% HPD interval
TH4 52153.715 520 | [39259.1785, 65899.259]
TH6 29272.436 3572 | [21900.1268, 36390.9274]
TH14 4802.368 7714 | [-1077.3547,11121.1716]
TU15 25694.856 6908 | [16597.0261, 34901.8937]
CGG12 55643.388 645 | [43151.1409, 68838.1615]
CGG29 67239.038 417 | [50579.1862, 80836.7417]
CGG32 61110.94 450 | [48920.877, 73682.795]

Table S5: BEAST estimated molecular dates.
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3.2 Spatial Modelling Results

Table S6

Model Marginal Density Nr Retrained Likelihood Bayes factor
Static 4.36E-09 535984 2.34E-03 0.125
Bottleneck 5.34E-09 487140 2.60E-03 0.139
Expansion_Europe 4.48E-09 747804 3.35E-03 0.179
Expansion_Central_North_Eurasia 3.45E-09 1821779 6.29E-03 0.337
Expansion_Beringia 3.71E-09 3467674 1.29E-02 0.689
Expansion_Middle-East 4.08E-09 1047509 4.28E-03 0.229
Expansion_East-Eurasia 3.47E-09 2613115 9.07E-03 0.486
Expansion_Arctic_North-America 6.95E-09 1089710 7.58E-03 0.406
Expansion_North-America 7.00E-09 1092975 7.65E-03 0.410
Bottleneck_Expansion_Europe 5.42E-09 786952 4.27E-03 0.229
Bottleneck_Expansion_Central_North_Eurasia 5.06E-09 1733133 8.77E-03 0.470
Bottleneck_Expansion_Beringia 5.92E-09 3155396 1.87E-02 1.00
Bottleneck_Expansion_Middle-East 5.35E-09 1077919 5.77E-03 0.309
Bottleneck_Expansion_East-Eurasia 5.15E-09 2430622 1.25E-02 0.671
Bottleneck_Expansion_Arctic_North-America 6.46E-09 612690 3.96E-03 0.212
Bottleneck_Expansion_North-America 6.35E-09 613120 3.89E-03 0.209

Table S6: ABC likelihoods and Bayes factors for all demographic scenarios tested
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Table S7

OUT OF BERINGIA logiom logig Ky logi0 Ky logig K3 T AT

mode -1.26209 0.626259 | -0.949534 0.383645 0.212121 24.0908 0.212909
mean -0.290149 0.110089 | -0.148737 -0.0562393 0.498742 0.678518 0.498851
median -1.25014 0.514361 | -0.664665 -0.170467 0.491903 23.8563 0.491049
lower_95_quantile -1.94567 -1.3756 -1.90336 -1.851 0.0344065 13.0187 0.035245
upper_95_quantile -0.535434 1.78503 1.12646 1.32106 0.956443 33.8313 0.956443
HPD_95_lower -1.91358 -1.15146 -1.9999 -1.91909 0.04052 13.485 0.041431
HPD_95_upper -0.56717 1.91913 0.828077 1.19155 0.949378 33.9896 0.959569

Table S7: Posterior probability estimates for seven estimated parameters (AT, T, logyg Ky, logio Ky, logig Ks,

logiom, X) in the most likely model (Expansion out of Beringia with a population size change)

Table S8

OUT OF EAST EURASIA logiom logig Ky logi0 Ky logig K3 X AT

mode -1.21848 0.626262 | -0.626269 0.382251 0.616161 23.3838 0.223
mean -0.280727 0.117214 -0.11224 -0.0599404 0.503048 0.662603 0.498211
median -1.21217 0.543323 | -0.513207 -0.190711 0.498322 23.3253 0.48959
lower_95_quantile -1.89641 -1.366 -1.88733 -1.85371 | 0.0355581 10.7056 0.0351268
upper_95_quantile -0.487195 1.8011 1.40089 1.31595 0.957555 34.6578 0.956376
HPD_95_lower -1.86995 -1.03017 -1.9999 -1.91914 | 0.0404699 11.3638 0.0414806
HPD_95_upper -0.523578 1.95946 1.111 1.18969 0.95953 34.6967 0.949427

Table S8: Posterior probability estimates for seven estimated parameters (AT, T, logio Ky, logio K5,

logip K3, logigm, X) in the most likely model (Expansion out of East Eurasia with a population size

change)
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3.3 Supplementary figures

Figure S3
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Figure S3: Number of bases missing from the complete mitochondrial genome (total of 15,463 base pairs
- excluding the control region) (on y-axis) for each of the samples (x-axis). Nine sequences had more than
1/3 (5,150 bases) missing and were therefore excluded from all analyses (See supplementary table 1 for
list of excluded samples). The red line represents the cut-off point (5,150 bases).
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Figure S4: Number of singletons found in each of the sequences. Red represents G to A substitutions, blue
represents C to T substitutions and yellow represents transversion substitutions. All ancient sequences
that contained more than 0.1% (15 bases) of transition substitutions (C to T or A to G changes) were
excluded from all analyses, as an excess of these substitutions indicate large amounts of DNA damage in
the form of deamination. The red line represents the cut-off point (15 bases).
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Figure S5
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Figure S5: Positions where data is missing (red) for each sample (excluding the control region).
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Figure S6

Sample name

Figure S6: Pairwise genetic similarity (rt), measured as proportion of sites that differ between pairs of
samples. Values are colour coded, see colour bar on the right, with blue colours corresponding to small t
and red colours corresponding to large .

42



MOLECULAR ECOLOGY

Figure S7
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Figure S7: Neighbor-joining tree of all samples based on the pairwise genetic distance (m) matrix,
measured as proportion of sites that differ between sequence pairs between samples, calculated using
the Ape package in R. Modern northern Eurasian and North American wolves are represented with black

labels. Ancient grey (age < 500 years) wolves are represented with blue labels. Modern Tibetan and
Indian wolves are represented with red and yellow colours respectively.
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Figure S8
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Figure S8: Pairwise geographic distances between all modern North Eurasian and North American wolf
samples (N = 84) plotted against the pairwise genetic distances. r= 0.3 (Mantel p < 0.0001).
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Figure S9: Validation of the molecular dating procedure. (A) Estimated molecular age distributions (yellow
lines, yellow dot = median) from the leave-one-out analyses with BEAST and radiocarbon ages (black
triangles) for each sample. (B) Linear fit (solid yellow line) between radiocarbon dates and esimated
molecular dates from the leave-one-out analyses with BEAST. The dashed yellow line shows the 1:1
correspondence.
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Figure S10
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Figure S10: Tip calibrated BEAST tree of all 135 ancient and modern wolf sequences. Circles represent
samples excluded from the demographic analyses (wolves from the Himalayas and the Indian
subcontinent) and diamonds represent samples included in the demographic, colour coded by geographic

regions (demes) used in the analyses.
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Figure S11: Tip calibrated BEAST tree of all 135 ancient and modern wolf sequences with 95% credibility
intervals for all dated nodes indicated by the blue bars.
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Figure S12
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Figure S12: Tip calibrated BEAST tree of all 135 ancient and modern wolf sequences with support values

depicted by each node of the tree.
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Figure S13
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Figure S15: Posterior probability density distribution (on y-axis) for seven estimated parameters (AT, 7, x,

logio K1, 0810 K5, logag K3, 10g19 m) in the most likely model (Expansion out of Beringia with population size

change).
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Figure S14
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Figure S16: Posterior probability density distribution (on y-axis) for seven estimated parameters (AT, 7, x,

logip K1, l0g1g K>, 10810 K3, logio m) in the most likely model (Expansion out of East Eurasia with population

size change) .
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